Accurate predictions of the post-irradiation response of microelectronic circuits is an important and difficult problem. We present a tunneling model for MOS structures showing how the post-irradiation annealing deviates from a simple Qn(t) dependence for a nonuniform spatial trap distribution. This model is applied to our measurements of post-irradiation response to extract spatial trap distributions for several oxides. Results of this analysis have important implications for testing and hardness assurance--accurate prediction of the long-term response of hardened circuits requires a measure of the deviation from logarithmic annealing.
Introduction
The post-irradiation response of metal-oxide semiconductor (MOS) structures has been an active research area almost since such structures were shown to be sensitive to ionizing radiation. Derbenwick and Sander [1] showed that annealing during extended radiation exposures could give rise to an apparent dose-rate de- pendence. They also showed that linear systems theory could be used to predict the response in many cases of low-dose-rate irradiation where the recovery was linear with Qn(t). Winokur later showed that although the method presented in ref. 1 worked very well for many soft oxides [2] , it was not entirely satisfactory for predicting the long-term response of hardened oxides because the recovery of hard oxides was generally not linear with in(t) [3] . In all these papers, the authors assumed that the recovery of an exposed sample was linear with Qn(t) in order to predict the recovery of the sample, but they did not discuss the mechanism(s) contributing to the Qn(t) dependence. However, it has been widely recognized that tunneling of electrons into the oxide to recombine with trapped holes is an important part of the response of MOS structures, and tunneling can give rise to a Qn(t) dependence if the trap distribution is uniform in space. (See, for example, ref. 4-7.) However, if the trap distribution is nonuniform, the annealing curve will deviate from a strictly in(t) dependence [8] . In the work presented here, we have started from the assumption that the response of a device can be predicted from an equation of the form AV (t) = fO F(')R(t -T) dT ' (1) T 0
where F(T) is the radiation source term, and R(t -)
is the response function of the device. Our approach is to break R into an oxide trapped charge component and an interface state component, Rot and Rit, respectively. We have studied the annealing of hole traps in order to determine the mechanisms which control Rot.
In previous work [1] [2] [3] , R was assumed to have the form -C + A in(t). We have extended this work by proposing a more general form for R, one which allows nonlogarithmic behavior. In addition, we have extracted information about the spatial distribution of hole traps from the annealing response of several kinds of samples. We find that the wide variations in annealing behavior which have been observed can be explained in We do not discuss the theory of this process here, but we simply use the notion of a time-dependent "tunneling front," which emerges as a natural consequence of the exponential decay of the tunneling probability with distance into the insulator. According to tunneling theory [9] [10] [11] (8) where cox is the electric field in the oxide due to the applied bias. For Since the controls showed very little shift in any case, we are certain that the effects we observed are due to the radiation. Pre-and post-irradiation I-V data were taken with a Keithley 619 electrometer and a digital Keithley 230 power supply, which were part of a computer-controlled measuring system. The data generated were saved on magnetic disk. After irradiation, I-V curve measurements were taken approximately every half decade of time out to one million seconds. These data were also stored on disk.
Results
In Fig. 2 we present experimental data for a soft TI sample exposed and annealed at 2 MV/cm. Interface state buildup was essentially complete by the first post-irradiation measurement, and AVIT was constant within experimental uncertainty over the postirradiation measurements at abopt 150 mV. We have used the midgap voltage shift as a measure of hole trapping.
(This assumption will be discussed later.) Since AVMG recovers very slowly and AVIT is small, these parts are unlikely to ever exhibit rebound or super-recovery.
The relatively 1hrge AVMG indicates that these samples are very soft--indeed we estimate the initial hole trapping fraction to range from 40 to 50 percent. (The hole trapping fraction has been determined as in ref. 12 , where the recombination has been measured independently).
In Fig. 3 Fig. 3 is approximately that predicted by the theory.
In Fig. 4 we show experimental data for a hard TI sample exposed and annealed at +2 MV/cm. As trend toward more recovery at higher fields is consistent with tunneling theory. However, we see more difference in the annealing between negative and positive bias than we expect. We plan further studies to understand this result.
In Fig. 6 ation from logarithmic behavior than the hard TI samples, but more than the soft samples.
In Fig. 7 we show the experimental results at +2 MV/cm for each of the three types of samples replotted from Fig. 2, 4 In Fig. 8 we show the spatial distribution of traps for these three kinds of samples, which we obtain from the analysis shown in Fig. 7 . (The vertical axis in Fig. 8 is trapping efficiency, trapped holes/cm3 normalized to the same incident flux of holes.) The softer samples have more traps, but the density at the surface (actually the position of the tunneling front at the time of the first measurement) is not orders of magnitude higher. The real qualitative difference is that the trap density drops off rapidly in the hard oxides, but it does not drop off in the soft oxides. This picture agrees quite well with the results of XPS studies [13, 114] , in which the authors concluded that the hole traps are associated with a strained region near the Si/SiO2 interface. They concluded that in hard oxides, the strained transition region was much narrower than in soft oxides.
Discussion
In discussing the post-irradiation hole trapping and detrapping of MOS structures, one must decide how to separate the hole-trapping component out of the observed threshold response. The midgap separation technique has been proposed [15] [16] [17] First, we will discuss the assumption that the hole traps are in a single, relatively narrow energy band. In making this assumption, we have followed the work of Manzini and Modelli [11] who avalanche-injected holes into the oxide and studied the annealing of the trapped holes at different applied fields. They concluded that the hole traps were in a narrow band about 3.1 eV above the valence band edge of SiO2 (shown schematically in Fig. 1 ). This conclusion seems to be consistent with multiple ESR studies [18] [19] [20] , in which the hole traps are identified as the E' center. The E' center is detected as a single, sharp, microwave resonance, and is described as a trivalent Si atom bonded to three oxygen atoms. Since these studies identify the hole traps as a single kind of site, it seems reasonable to assign them a single energy level, or, at most, a narrow band of energy levels. Also, photo depopulation studies by Harasi and Royce [23, 24] indicate the traps are in a single level 2.9 eV ± 0.6 eV above the SiO2 valence band edge. In this work, we have assumed a trap level centered at 3.1 eV above the Sio2 valence band to detemine the tunneling parameter a and hence the tunneling velocity, 0.2 nm/decade. We also point out that the tunneling rate will be much more sensitive to the position of the trap than to its energy. The tunneling rate is proportional to e-26x where x is the position and S is proportional to E1/2.
Thus x (to the first power) enters the argument of the exponential, but E enters only to the one-half power. For this reason, the annealing response of an oxide will be more sensitive to the spatial trap distribution than to the energy distribution unless the energy distribution is extremely wide.
The main evidence against the model of tunneling to a single kind of site seems to come from experimental results on the reversibility of the annealing process. In one test, we let an SNL sample anneal for 1000 hours under positive bias. Then we reversed the bias for another 1000 hours. About 30 percent of the midgap shift under positive bias was reversed when negative bias was applied for an equal time. In a similar test on a hard TI sample for a shorter time, about 50 percent of the shift was reversed. Since these results were obtained on single samples and at different fields, we are reluctant to draw firm conclusions.
However, other researchers [5, 25] have also reported evidence of reversed annealing. Taken together, all these results suggest that part of the observed midgap voltage rec overy is due to removal of the holes and part is perhaps due to compensation of holes by injected electrons. Grunthaner et al [13, 14] , in analyzing XPS experiments, proposed that radiation breaks a strained bond near the interface, leading to a trivalent Si bonded to three oxygens (the E' center) and a nonbridging oxygen. Relaxation of the strained bond causes the Si and nonbridging oxygen to move apart so that they are unlikely to reform the broken bond. However, the Si can trap a hole under the influence of radiation, and the oxygen can become an electron trap. Recombination can occur, then, under the influence of random thermal fluctuations in the lattice aided by the coulomb interaction of the trapped electron hole pair. Presumably, some sites will recombine, leading to trapped hole annihilation. Others may not combine, leaving a compensated hole where the electron can later tunnel back out. Grunthaner et al [13] We conclude then that tunneling studies [11] , photo depopulation [23, 24] studies, and XPS studies [13, 114] [11, 13, 14, 23, 24] using very different techniques.
The second main limitation of our analysis is that the annealing is obviously field dependent, which complicates the extraction of trap distributions from the data. In practice, the trap distribution is best determined from relatively low field annealing data because the barrier height is more predictable. We have actually used data taken at +2 MV/cm since this field corresponds to the normal operating voltage for the hard and soft TI samples. We typically see about 20- [2, 3, 26] support these general conclusions. We have presented an analysis which explains these observations in terms of a single mechanism--tunneling to different spatial distributions of trap states. This mechanism seems to be consistent with a number of other studies, especially the XPS studies by Grunthaner et al [13, 114] .
They concluded that in hard oxides the hole traps are in a strained transition layer on the order of 3 nm thick. In soft oxides, the strained layer is much thicker, so hole traps extend deeper into the oxide. The difference between hard and soft oxides, then, is simply that the transition to unstrained bulk oxide is accomplished more quickly in hard oxides. A tunneling experiment cannot measure bond strain, but our trap distributions fit very nicely with the picture of Grunthaner et al.
These results have important implications for testing and hardness assurance. The most complete testing scheme is probably that proposed by Winokur et al [2] , who suggested that if devices were tested an hour after and again a day after irradiation, Qn(t) annealing could be used to predict the response at other times. This approach worked quite well for the soft oxides being tested at the time. However, Winokur also poirnted out that Qn(t) annealing was not really adequate to describe the response of hard oxides [3] .
To illustrate the practical difficulties one can get into, we plot data originally taken by Brucker et al [26] , as replotted by Oldham [12] , in Fig. 9 . The dashed line is aQn(t) annealing curve that passes through the actual data at an hour and at a day after irradiation. The solid line is the result of our analysis where we have determined A = -(0.144 nm)1l.
The threshold is clearly curving--the points at early times and late times all lie below the dashed line, but the points in the middle lie above it. However, in the range of the actual data, the dashed line is never far from the data. The solid line from our analysis fits the data even better than the dashed line, and the key point is that the two curves predict radically different results at, say, one year (roughly 5 x 10 min).
The difference in threshold would be about 0.3 V at a dose of 100 krad (where these data were taken). The dashed line predicts failure by rebound, whereas the solid line predicts the part will still function. ( Fig. 9 because the data curve more than our measurements, but in Fig. 10 we perform this same exercise for our data for a hard TI sample. The difference between the dashed line and solid curve is smaller than in Fig. 9 , but the basic idea is the same. has a clean set of experimental data, small changes in v or A lead to noticeably poorer fits with experimental data. In Fig. 9 , for example, changing A by even ±10 percent will clearly cause the model to miss several of the data points. In Fig. 10 , a 20-percent variation is necessary. Typically, we see more variation from sample to sample than the scatter about the theoretical fit for a given sample. Therefore, the uncertainties in the distribution for a given process are larger than suggested by these numbers. For this reason, we conclude that our calculated trap distributions offer general insights, but not necessarily great precision.
From our data and a large body of other literature, we can almost guarantee that hard parts will have a post-irradiation response which differs from Qn(t) by curving as in Fig. 9 or 10 . We can absolutely guarantee that if one tries to fit a straight line to something which is not a straight line, one will introduce systematic errors. If one then extrapolates long enough along that straight line (possibly to the lifetime of a satellite), one can be absolutely certain of predicting an incorrect result. For these reasons, we believe that if one wants to make accurate predictions of the long-term response of hardened parts, it is essential to determine how much the response deviates from simple in(t). However, by performing the kind of analysis we have presented here, one could determine the deviation from simple Qn(t) annealing and the spatial distribution of traps which is characteristic of a given process. Then as long as the process does not change, that distribution can be used without additional measurements. A corollary to this last conclusion is that annealing behavior and trap distributions can be used to study the process. If the process changes, one would expect the trap distribution, and, therefore, annealing behavior, to change also. By determining trap distributions, one could study the effect of specific process changes.
Summary and Conclusions
We have performed experiments in which we monitored the post-irradiation response of MOSFET's with hard oxides, soft oxides (both by TI), and an intermediate oxide--specially softened by Sandia. We have observed certain qualitative differences in the behavior of these oxides which can be explained in terms of a tunneling model which assumes qualitatively different spatial distributions of hole traps in different kinds of oxides. This model can explain a variety of observations reported in the literature. For example, Johnston [27] 
